Time course of suppression by surround gratings: Highly contrast-dependent, but consistently fast  by Kilpeläinen, Markku et al.
Available online at www.sciencedirect.comwww.elsevier.com/locate/visres
Vision Research 47 (2007) 3298–3306Time course of suppression by surround gratings: Highly
contrast-dependent, but consistently fast
Markku Kilpela¨inen a,*, Kristian Donner b, Pentti Laurinen a
a Department of Psychology, University of Helsinki, P.O. Box 9 (Siltavuorenpenger 20 D), 00014 Helsinki, Finland
b Department of Biological and Environmental Sciences, University of Helsinki, P.O. Box 65 (Viikinkaari 1), 00014, Helsinki, Finland
Received 18 October 2006; received in revised form 4 June 2007Abstract
Timing is critical for the eﬀectiveness of a modulating surround signal. In this study, the optimal timing of a suppressing surround
signal was measured psychophysically in human subjects. The perceived contrast of a ﬁxated 1-deg circular patch of vertical sinusoidal
grating (the target: 4 cpd, Michelson contrast 0.2) was measured as a function of the onset asynchrony between the target and an annular
‘‘surround’’ grating with the same orientation and spatial frequency. The contrast and area of the surround stimulus were varied para-
metrically. The suppressive signal peaked at earlier times the higher the surround contrast (0.1–0.4), following a function consistent with
the contrast-dependence of retinal response dynamics. Increasing the area of the surround grating also moved peak suppression to earlier
times. At ca. 2 deg annulus outer diameter the time to peak of the suppressive signal was shortest, although its amplitude grew with annu-
lus area even beyond that. When both the contrast and the area of the centre and surround gratings were equal, suppression was maximal
if the surround stimulus was presented ca. 5 ms before the target. Such a short delay of suppression is consistent with a neural imple-
mentation based on feedforward–feedback connections, but not with horizontal connections.
 2007 Elsevier Ltd. All rights reserved.
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Our visual environment generally appears stable,
although the neural processes leading to visual perception
are highly dynamic. Even when the environment and the
observer remain stationary, the retinal image is constantly
refreshed by voluntary and involuntary eye movements.
Neural adaptation renders images that are stabilized on
the retina invisible in less than 100 ms (Coppola & Purves,
1996; Ditchburn, Fender, & Mayne, 1959). Voluntary sac-
cades occur at an average rate of 4 Hz during viewing of
natural scenes (Andrews & Coppola, 1999) and smaller
involuntary eye movements at varying velocities and ampli-
tudes keep the visual environment visible during ﬁxations
(Martinez-Conde, Macknik, & Hubel, 2004). As a result,0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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in stimulation, not to static images or smooth changes.
Neurons encode these changes in stimulation as response
modulations in time.
Due to the highly dynamic nature of normal human
vision, the timing of diﬀerent stimuli and their neural cor-
relates is as critical as their intensities or amplitudes are. A
contextual element that could potentially modulate a neu-
ron’s response to an object fails to do so if the context sig-
nal is ill-timed. Since most of the information conveyed by
a neuron is thought to be encoded in the short initial part
of the response (Mu¨ller, Metha, Krauskopf, & Lennie,
2001; Osborne, Bialek, & Lisberger, 2004; Reich, Mechler,
& Victor, 2001), very small temporal displacements can be
critical for the eﬀectiveness of modulation.
Centre–surround antagonism is a type of contextual
modulation in which a certain stimulus predominantly
excites a neuron when placed in the middle of its receptive
Fig. 1. (a) The stimuli used in experiment 1. From top, the target with a
0.4 contrast surround grating, a 0.1 contrast surround grating and a 0.2
contrast surround grating. The circular patch of grating that constitutes
the target has the same physical contrast (0.2) in all cases. (b) A schematic
of the temporal sequence of presentation of target and surround stimuli.
In the depicted case, the surround is presented 50 ms after the target (SOA
+50 ms).
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periphery of the receptive ﬁeld. The underlying antagonis-
tic ‘‘centre’’ and ‘‘surround’’ mechanisms may in fact be
spatially overlapping to various extents. Such antagonism
has been observed, for example, for luminance in retinal
ganglion cells (Kuﬄer, 1953; Shapley & Victor, 1978) and
LGN cells (McClurkin, Gawne, Richmond, Optican, &
Robinson, 1991), and for movement MST (Eifuku &
Wurtz, 1998). In yet another type of centre–surround
antagonism, responses of macaque V1 neurons to (con-
trast) stimulation of their classical receptive ﬁelds (CRF)
are modulated (usually suppressed) considerably by stimu-
lation outside the CRFs (e.g., Cavanaugh, Bair, & Movs-
hon, 2002; Levitt & Lund, 1997; Nelson & Frost, 1978).
Analogously, psychophysical experiments have shown that
the perceived contrast of a stimulus is decreased by a non-
overlapping surround stimulus (e.g., Cannon & Fullenk-
amp, 1996; Chubb, Sperling, & Solomon, 1989; Solomon,
Sperling, & Chubb, 1993). This phenomenon is often sim-
ply termed ‘‘surround suppression’’ in papers on V1 neuro-
physiology. Here we shall use the term ‘‘contrast–contrast’’
suppression to avoid confusion with phenomena in which
parameters other than contrast (e.g., luminance or move-
ment) are of interest.
In contrast–contrast suppression, the relative timing of
the antagonistic signals depends on two types of factors.
Firstly, the relative strengths of centre and surround stim-
ulation may cause latency diﬀerences of tens or even hun-
dreds of milliseconds. The greatest variation range arises
in the retina, where ganglion-cell latencies strongly
decrease with increasing luminance or contrast (e.g., Don-
ner, 1981; Gouras & Link, 1966). The inverse relationship
between stimulus contrast and neural latencies persists
throughout the visual system (V1: Gawne, Kjaer, & Rich-
mond, 1996; LGN: Sestokas & Lehmkuhle, 1986; Reaction
time and VEP: Vassilev, Mihaylova, & Bonnet, 2002).
However, timing diﬀerences dependent on stimulus
strength might also arise as a result of higher-level integra-
tion, e.g., over grating area (Cavanaugh et al., 2002; Rov-
amo, Luntinen, & Nasanen, 1993). Secondly, it is
reasonable to assume that an antagonistic signal originat-
ing at some distance from the signal that it modulates will
experience additional neural delays before reaching the site
of interaction. We shall term the latter type the mediation
delay. It is likely to be informative of the type of neural
connections that mediate the surround–centre interaction,
but it can be measured only if stimulus-strength-dependent
components are properly identiﬁed.
In this work we studied at which relative timing an
annular surround grating maximally decreases the per-
ceived contrast of a central target grating by presenting
the two stimuli at various stimulus onset asynchronies
(SOA). The eﬀect of contrast was measured by using three
diﬀerent surround contrasts and relating the results to a
contrast–latency model based on retinal dynamics (Donner
& Fagerholm, 2003). The eﬀect of spatial summation over
grating area was measured by using three diﬀerent sur-round grating areas, all set to the same contrast as the tar-
get grating. When both contrast and area were equalized
for target and surround, any remaining delay of suppres-
sion was interpreted as a mediation delay.
2. Methods
2.1. Subjects
Three subjects participated in the study. Besides one of the authors
(MK), the other subjects (VS and IK) were experienced observers, but
naı¨ve to the purposes of the study. Subjects had normal or corrected to
normal vision. Subject IK participated only in experiment 2.
2.2. Apparatus
The stimuli were created and presented in Vision Works 3—environ-
ment (Vision Research Graphics) and a Texas Instruments TMS34010—
graphics board with a 15-bit greyscale resolution. The display was an
EIZO Flexscan F980 with a 33 · 25 cm eﬀective viewing area, a 160 Hz
refresh rate, an 800 · 600 spatial resolution and a mean luminance of
33 cd/m2. The display was linearized with a Vision Works 3—linearization
system and was the only light source in the measurement room.
2.3. Stimuli
All stimuli were vertical sinusoidal gratings (4 cpd with a viewing dis-
tance of 114 cm) windowed through a 1-deg circular aperture (the target
and the comparison) or concentric annular apertures (the surround stim-
uli). Temporally, all stimuli were presented as rectangular 100 ms pulses.
The centrally ﬁxated target always had Michelson contrast 0.2. In exper-
iment 1, the surrounding annulus had inner diameter 1 deg and outer
diameter 2 deg when the target and surround gratings diﬀered in contrast.
For the case with equal contrast, a 0.1 deg gap was introduced between the
two stimuli, and the outer diameter of the annulus was increased to keep
its area constant at 3· target area. The Michelson contrast of the surround
grating was varied (0.1, 0.2 and 0.4). Fig. 1 illustrates the stimuli used in
experiment 1. In experiment 2, the contrast of the surround grating was
held constant and equal to that of the target (0.2), from which it was sep-
arated by a 0.1 deg gap. The area of the surround grating was varied by
varying its outer diameter. Measurements were carried out with four
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3-fold and 10-fold. The outer diameters of the annulus in these cases are
1.56, 1.85, 2.11 and 3.38 deg.
2.4. Procedure
The apparent contrast of the target was measured with a 2-interval
forced-choice staircase procedure, following a 1-up 1-down rule. A ﬁxa-
tion point (duration 500 ms) was presented ﬁrst. The target was presented
500 ms after the disappearance of the ﬁxation point. The target and sur-
round were presented at various diﬀerent stimulus onset asynchronies
(SOA, range from 100 ms to +100 ms). Positive SOA values refer to pre-
sentation of surround after target. The comparison stimulus (the 1-deg
central grating patch without a surround stimulus) was always presented
1100 ms after the target. If the subjects consistently tended to consider
the same stimulus (target or comparison) as the one with a higher contrast
when uncertain, this might cause response tendency related bias in the
results. However, such possible bias would be expected to be constant
across all experimental conditions.
The subject’s task was to indicate whether the target or the comparison
stimulus appeared to have a higher contrast. If the target appeared to have
a higher contrast, the contrast of the comparison stimulus was increased.
If the comparison stimulus appeared to have a higher contrast, its contrast
was decreased. One measurement included two randomly interleaved stair-
cases, each containing 10 reversal points. The ﬁrst 2 reversal points in each
staircase were practice. The point of subjective equality (PSE) for each
staircase was deﬁned as the average of the 8 remaining reversal points.
The result of one measurement was the mean of the PSE-values in two
staircases. The data reported in this paper are the means (and standard
deviations) of three measurements. The results are reported as relative sup-
pression of the target’s contrast, calculated as: ((Cphysical  Cperceived)/
Cphysical). Normal or lognormal functions were ﬁtted to the data by a least
squares criterion. The peaks of the functions are reported as the SOAs that
caused maximum suppression.Fig. 2. (a) Suppression of perceived contrast as a function of stimulus onset asy
bars represent 95% CI. Results with surround contrast 0.2 graphed on separa
normal or lognormal functions (R2 > 0.8 in all cases). (b) The SOAs that caus
vertical broken lines) and plotted as a function of surround contrast (±bootst
dependent component of the surround–centre latency diﬀerence, DL(C) (Eqs. (1
the present data (R2 = 0.74 for MK, 0.84 for VS). Broken curves: model pred
connections (upper curves) and feedback connections (lower curves).2.5. Modelling latencies
The SOA that causes maximum suppression is interpreted as the
latency diﬀerence, DL, between the surround and centre signals at their site
of interaction for the respective stimuli. We model DL as the sum of three
components, two of which depend on the strength of stimulation. First,
both centre and surround latencies will be similar functions L(C) of the
contrast C of the respective grating. The contrast-dependence is generally
thought to emerge early in the visual system, being consistent with retinal
dynamics (see further below). Second, we hypothesize that centre and sur-
round latencies vary with the areas A covered by the respective stimuli, i.e.,
with spatial integration over grating area. The corresponding latency func-
tion is denoted L(A). The surround–centre latency diﬀerences due to these
two components that depend on stimulus strength are denoted DL(C) and
DL(A). Third, the laterally propagating surround signal is assumed to
experience a net delay that depends on the propagation distance l. We
denote this neural mediation delay D(l). Thus
DL ¼ DLðCÞ þ DLðAÞ þ DðlÞ ð1Þ
Since the target had the same contrast (0.2) in all of our experiments, the
function DL(C) should here simply be the contrast–latency function for
the surround annulus, save for a constant. It was pre-determined for each
subject by an independent set of experiments (described in Section 2.6).
When ﬁtted to the data, the function provides a test of our assumptions
and reduces the degrees of freedom in resolving the components of DL.
The mathematical form we use for L(C) is originally derived from one
of the phenomenological formulations introduced by Baylor, Hodgkin,
and Lamb (1974) to describe the waveform of photoreceptor responses.
Donner (1989) showed that a model of the same mathematical form can
be used to predict the response onset latencies of retinal ganglion cells,
and Donner and Fagerholm (2003) successfully applied it to human reac-
tion time data collected by Vassilev et al. (2002). Response latency is ﬁtted
by the expressionnchrony at three surround stimulus contrasts, subjects MK and VS. Error
te ordinates to avoid crowding. Continuous lines are least squares ﬁts of
ed maximum suppression have been transformed to relative latencies (see
rap estimates of 95% CI). Bold curves: model predictions for the contrast-
) and (2)). Thin curves: model predictions shifted on the temporal axis to ﬁt
ictions shifted according to the expected mediation delays for horizontal
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where C is contrast, CT is threshold contrast, d is a transmission delay, and
n and s are parameters (originally the number of ﬁlter stages and the larg-
est time constant in the ‘‘independent activation’’ model of Baylor et al.
(1974)).
2.6. Determination of the contrast–latency functions of the subjects
The contrast–latency functions of the two subjects that participated in
experiment 1, where surround contrast was varied, were independently
determined according to Eq. (2) by measuring the threshold contrasts
(CT) for detecting, respectively, the central grating patch and the surround
grating annulus alone. The parameter values used in the equation were
n = 7 and s = 60, which Donner and Fagerholm (2003) found to ﬁt Vassi-
lev et al. (2002) data. The threshold determinations included 5 single stair-
case measurements for each subject and condition. The staircases involved
2 practice points and 6 actual reversal points, started from contrast 0.035
and followed a 1-up 3-down rule. The detection thresholds (±SD) for a
ﬁxated circular 1-deg patch of 4 cpd vertical grating were MK: 0.009
(±0.0016) and VS: 0.013 (±0.0012). The thresholds for a concentric annu-
lus of the same grating with 1 deg inner and 2 deg outer diameter were
MK: 0.011 (±0.002) and VS: 0.010 (±0.0002). Since the main experiments
are concerned only with diﬀerences between centre and surround latencies,
the latency for the centre grating patch with contrast 0.2 was normalized
to zero by setting d in Eq. (2) to 61.7 (MK) and 67.3 (VS), respectively.
When the surround threshold values CT are substituted into Eq. (2), it will
then yield absolute values for the contrast-dependent component of the
surround–centre latency diﬀerence, with no freely adjustable parameters
(cf. Fig. 2b, bold lines).
3. Results
3.1. Experiment 1: Surround grating contrast
The surround annulus caused clear suppression in the
perceived contrast of the centre patch, regardless of sur-
round contrast (Fig. 2a). Suppression decreased from its
maximum to near-zero values in approximately 75 ms.
For subject MK, suppression peaked at SOA = 11 ms
for surround contrast 0.1, +3 ms for surround contrast
0.2 and +24 ms for surround contrast 0.4. For subject
VS, the corresponding SOA values were -3 ms, +1 ms
and +16 ms (Fig. 2a). The lower the contrast of the sur-
round annulus, the earlier it had to be presented to cause
maximum suppression, but for this annulus size (3 times
the area of the central patch) only that with contrast 0.1
had to be presented before the target.
The earlier a surround stimulus has to be presented in
relation to the centre stimulus to cause maximum suppres-
sion, the longer is the latency of the surround response rel-
ative to that of the centre response. Thus, the opposites of
SOAs that caused maximum suppression with diﬀerent sur-
round grating contrasts have been replotted as relative
latencies of the surround (data points in Fig. 2b). The
latency values have been normalized so that centre latency
is zero, which permits a straightforward comparison with
the predictions of the Donner and Fagerholm (2003) model
as described in Section 2.6 (bold solid curves in Fig. 2b). As
can be seen from Fig. 2b, the model predicts the eﬀect of
contrast on relative surround latencies quite well (the
slopes of the data and the model curves are similar). Toachieve a good absolute ﬁt to the data, however, the model
curves had to be shifted on the temporal axis by 10 ms for
subject MK and by 3 ms for subject VS (thin solid curves).
According to our general model for the surround–centre
latency diﬀerence (Eq. (1)), these shifts represent the sum
of the grating-area-dependent component DL(A) and the
mediation delay D(l).
The broken curves in Fig. 2b present the predictions
when mediation delays D(l), derived from two alternative
assumptions, are included. The delay estimate calculated
for horizontal connections (approximately 25 ms, upper
broken curve) is based on human V1 magniﬁcation factors
(Horton & Hoyt, 1991; see also Cass & Spehar, 2005) and
propagation velocities of V1 horizontal connections (mean
0.33 m/s, Girard, Hupe, & Bullier, 2001). The correspond-
ing estimate for feedback connections (approximately 8 ms,
lower broken curve) is based on the same magniﬁcation
factors and the (apparently feedback-mediated) propaga-
tion speed of suppression in macaque V1 (mean approxi-
mately 1 m/s, Bair, Cavanaugh, & Movshon, 2003). The
discrepancy between the data and either of these predic-
tions emphasizes the necessity of including a third compo-
nent of the surround–centre latency diﬀerence, in Eq. (1)
attributed to summation over grating area.
3.2. Experiment 2: Surround grating area
In experiment 1, the area of the surround grating was
always three times that of the target. In experiment 2, we
investigated the eﬀects of area by using three diﬀerent
annulus sizes (areas equal to the centre patch, 2-fold 3-fold
and 10-fold). Surround contrast was always equal to target
contrast, 0.20. The inner diameter of the annulus was kept
constant at 1.2 deg, leaving a 0.1 deg gap between the tar-
get and surround stimuli (see the lowest stimulus in
Fig. 1a). Thus, only the outer diameter was varied. If sup-
pression is integrated (with some weight function) from the
whole surround (e.g., Cavanaugh et al., 2002; Xing & Hee-
ger, 2001), the average distance for the suppression to
propagate will increase as the outer diameter of the annulus
is increased. In such case the expected delays D(l) due to
horizontal connections increase from 19 ms for the smallest
annulus to 37 ms for the largest (Girard et al., 2001; Hor-
ton & Hoyt, 1991). Correspondingly, for feedback connec-
tions an increase from 6 ms to 12 ms is expected (Bair et al.,
2003; Horton & Hoyt, 1991). Alternatively, if the source of
suppression is mainly the immediate vicinity of the centre,
delays should remain around 19 ms (horizontal connec-
tions) or 6 ms (feedback connections) regardless of sur-
round area. To summarize, if there were no signiﬁcant
eﬀect of spatial pooling on suppression kinetics, such as
expressed by the area-summation term DL(A) in Eq. (1),
suppression latencies should either increase or stay
unchanged when the outer diameter of the annulus is
increased.
The results of experiment 2 are presented in Fig. 3. The
SOAs that caused maximum suppression have been replot-
Fig. 3. (a) Suppression of perceived contrast as a function of stimulus onset asynchrony at four sizes of the surround grating annulus, subjects (from top)
IK, MK and VS. Annulus areas relative to target area were (from left): equal, 2-fold, 3-fold and 10-fold. The target and surround gratings had equal
contrast (0.2) in all cases. Continuous lines are least squares ﬁts of normal or lognormal functions (R2 > 0.8 in all cases). (b) Relative latencies of the
suppressive signal as a function of annulus area (±bootstrap estimates of 95% CI). The broken curves represent the relative latencies predicted by lateral
connections (upper) and feedback connections (lower). The straight horizontal broken lines illustrate area-invariant delay predictions.
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lowing the same logic as in Fig. 2. The most signiﬁcant
observation is that the surround latency was longest with
the smallest surround annulus, although the average prop-
agation distance should then be shortest. The grand mean
(±95% CI) values of the relative latencies for the four
annulus sizes are: 5.33 ± 1.73 ms (annulus area equal to
centre patch area), 0 ± 2.46 ms (annulus area 2-fold)
1.33 ± 1.31 ms (annulus area 3-fold) and 3.67 ± 3.64 ms
(annulus area 10-fold). The mean latency of the suppres-
sion due to the smallest annulus is thus approximately
6.7 ms longer than that due to the 3 times larger surround
stimulus. This is consistent with the idea that the surround
signal may be accelerated due to summation over grating
area (the term DL(A) in Eq. (1)). With the largest annulus,
however, the change in total latency was reversed (cf.
Section 4).It is instructive to compare the data points in Fig. 3b
with latency predictions based on the mediation delay
expected from feedback connections in V1 (Bair et al.,
2003), illustrated by the broken curves (indicated by the
label ‘feedback’) in Fig. 3b. Equal thresholds were
assumed for the target and the diﬀerent annuli, which
should do as a rough approximation for this purpose
(cf. threshold results in Section 2.6). For the smallest
annulus, the prediction is in good agreement with the
data. For the larger annuli, however, the observed latency
is much shorter than predicted based on the mediation
delay alone, and the diﬀerence may be attributed to the
eﬀect of summation over grating area. The predictions
based on mediation delays due to horizontal connections
(upper pair of broken lines in Fig. 3b, see label ‘horizon-
tal’), on the other hand, appear completely inconsistent
with the data.
Fig. 4. Results of the control experiment. Suppression of perceived
contrast as a function of stimulus onset asynchrony, subjects MK and VS.
Centre contrast 0.20, surround contrast 0.40. Centre diameter 1 deg,
surround inner and outer diameter 1 deg and 2 deg, respectively.
M. Kilpela¨inen et al. / Vision Research 47 (2007) 3298–3306 33033.3. Control experiment: Metacontrast
Pilot experiments showed that the range of SOAs most
interesting to the present study lies approximately between
50 ms and +50 ms, and therefore the main experiments
were focussed on this range. However, backward masking
can in certain conditions peak at positive SOAs greater
than 100 ms. To make sure that no such peak would be
ignored, two of the subjects participated in an experiment
in which SOAs from 0 to 200 ms were used. In other
respects the experiment was identical to experiment 1 with
surround contrast 0.4. The results are presented in Fig. 4. It
can be seen that in these conditions, the surround has little
or no eﬀect on the perceived contrast of the central target
at SOAs greater than approximately +75 ms.
4. Discussion
4.1. Stimulus-dependent neural latencies vs. mediation delay
In a visual phenomenon such as contrast–contrast-sup-
pression, the eﬀectiveness of the suppressing surround signal
depends on the signal’s intensity and timing. The optimal
timing depends on two types of neural delays that determine
when centre and surround signals arrive at the site of interac-
tion: stimulus-strength-dependent latencies and neural
transmission latencies. The former may be shorter either
for the surround or the centre signal depending on stimulus
attributes. The lattermay be assumed always to be longer for
the laterally transmitted surround signal, as a relative medi-
ation delay of suppression at the level of interaction is
involved. In the present study, the optimal timing for the sup-
pressing signal was measured by varying the stimulus onset
asynchrony (SOA) of the centre and surround stimuli. To
diﬀerentiate between the stimulus-strength-dependent laten-
cies and themediation delay, the contrast and size of the sur-
round annulus were varied parametrically.
4.2. The eﬀect of contrast
The results show that the latency of the surround signal
is related to contrast in the same way as the latency of thecentre signal is. The lower the contrast of the surround
grating, the earlier it had to be presented in order to cause
maximum suppression. The form of the relationship
between contrast and optimal timing of a surround was
quite accurately described by the contrast–latency model
of Donner and Fagerholm (2003), with no free parameters.
Thus, the inverse contrast–latency relationship that
emerges in the retina remains relatively unchanged up to
the level of cortical interaction processes.
4.3. The eﬀect of grating area
The area of the surround grating also had an eﬀect on
the optimal timing. When the area of the annulus was equal
to that of the target (annulus inner diameter 1.2 deg, outer
diameter 1.56) it was most eﬀective when presented ca. 5 ms
before the target. Increasing annulus area to 3 times the
area of the target (annulus inner diameter 1.2 deg, outer
diameter 2.1) decreased the time-to-peak of the suppressive
signal consistently and signiﬁcantly, on average by 7 ms,
although the average horizontal propagation distance
could not have decreased. Increasing the size of the annulus
beyond this did not further accelerate the surround signal.
On the contrary, beyond 2.1 deg outer annulus diameter
the time-to-peak grew again, although the amplitude still
increased somewhat. Several possible explanations may
be oﬀered for this secondary increase in the time-to-peak
of the suppressive signal as function of annulus area, but
a comprehensive analysis of it is beyond the scope of this
study. It should be noted, however, that the signal is com-
posed of contributions originating at very diﬀerent dis-
tances from the site of interaction, and the peak does not
necessarily reﬂect the fastest components. As the annulus
is enlarged, acceleration due to increased spatial pooling
could at some point be outbalanced by the longer media-
tion delays of distant components that will represent more
and more of the total signal.
Whatever the exact nature of the eﬀect of grating area, it
is likely to be predominantly of cortical origin. In contrast
to V1 neurons (Cavanaugh et al., 2002), retinal ganglion
cells and LGN cells are probably incapable of integrating
grating area over cycles (Bonin, Mante, & Carandini,
2005; Solomon, Lee, & Sun, 2006). Such spatiotemporal
grating summation would appear analogous to the summa-
tion of luminance ﬂux in the receptive ﬁelds of retinal gan-
glion cells (Enroth-Cugell & Shapley, 1973), where stimulus
area and intensity have been found to be interchangeable in
their eﬀect on latencies (Donner, 1989; Donner & Fager-
holm, 2003).
Increasing the area of a surround annulus (centred at
ﬁxation) by increasing its outer diameter (experiment 2) is
necessarily accompanied by an increase in its average
eccentricity and an eﬀect of a changing magno/parvo-ratio
in the observed latency changes cannot be ruled out. How-
ever, this ratio should keep on changing considerably when
annulus size is increased beyond 2.1 deg outer diameter,
which corresponds to 0.86 deg average eccentricity (see
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again when annulus size was further increased. Moreover,
since the results can, to a fair extent, be explained by the
three latency components associated with retinal dynamics,
post-retinal grating summation and cortico–cortical feed-
back connections (see below), additional hypothesizing
about the possible roles of the two separate visual streams
is unnecessary.
Similarly, it is conceivable that some direct stimulation
of the ‘‘centre’’ mechanism (Petrov, Carandini, & McKee,
2005) or simultaneous contrast from the borders of the cen-
tre stimulus (Yu, Klein, & Levi, 2001) may have contrib-
uted to suppression, especially with the annuli without
gaps. However, the decrease in the latency of suppression
observed when the outer diameter of an annulus separated
by a constant gap from the central target was increased
from 1.56 to 2.11 deg (i.e. up to the size used for measuring
the eﬀect of surround contrast in experiment 1) indicates
that a dominant contribution came from the surround
mechanism.
4.4. The mediation delay and the underlying neural
connections
In the framework of our model (Eq. (1)), the optimal
timing of the surround stimulus should approximate the
mediation delay when both the contrast and size of the cen-
tre and surround stimuli are equal (whereby DL(C) and
DL(A) are both zero). Under this assumption, we found
an average mediation delay of some 5 ms, corresponding
to horizontal propagation velocities of approximately
1 m/s. Such a short delay (suggesting high propagation
velocity) is in good agreement with estimates from primate
neurophysiology (Bair et al., 2003) and, consequently, the
anatomically supported idea that contrast–contrast sup-
pression is mediated by feedforward–feedback connections
(e.g., Angelucci et al., 2002).
4.5. Implications for models of contrast–contrast suppression
The models that have been used to predict the strength
of contrast–contrast suppression can be roughly divided
into two classes, the pooled divisive inhibition models,
(e.g., Cannon & Fullenkamp, 1996; Foley, 1994; Heeger,
1992; Solomon et al., 1993; Xing & Heeger, 2001) and
the two Gaussian components models (e.g., Cavanaugh
et al., 2002; Sceniak, Hawken, & Shapley, 2001). None of
the models take the timing of the diﬀerent signals (due to
diﬀerent stimulus strengths) into account when predicting
suppression strength. However, if surround contrast is
changed, for example, the resulting change in the strength
of contrast-contrast modulation is probably determined
by the change of signal timing as well as signal intensity,
since the neural latency of the surround signal changes with
contrast. Thus, stimulus-dependent dynamics of signals
should also be incorporated into models of contrast–con-
trast suppression to make them mechanistically more accu-rate and analytically more eﬀective, as has been done in
models developed for the response dynamics of retinal gan-
glion cells (Donner & Hemila, 1996; Frishman, Freeman,
Troy, Schweitzer-Tong, & Enroth-Cugell, 1987).
4.6. Relation to other recent research
Studies of metacontrast masking (for a review, see Bre-
itmeyer & Ogmen, 2000) have repeatedly demonstrated
masking that is strongest when a non-overlapping mask
is presented some 50 ms after the target stimulus. Models
of metacontrast masking range from some low-level ones
based on inhibition between two visual streams (Breitmey-
er & Ogmen, 2000; Weisstein, Ozog, & Szoc, 1975) or
hypothetical, neuron-like visual operators (Bridgeman,
2001) to others suggesting conﬂicting higher-level visual
representations (Enns & DiLollo, 1997). The stimuli of
metacontrast studies usually diﬀer considerably from ours,
but recently, Ishikawa, Shimegi, and Sato (2006) used sim-
ilar stimuli. They measured the visibility of a supra-thresh-
old target grating (2.3 deg diameter, contrast 0.3 at 2 cpd,
presented randomly at two locations at 6.5 deg eccentricity)
as function of the SOA of a grating annulus with ca. 4
times larger area. Even when the two gratings had equal
contrast, spatial frequency and orientation, visibility reduc-
tion peaked at SOA +50 ms, considerably later than
observed in the present study.
It is important to keep in mind that at least partly diﬀer-
ent mechanisms probably underlie suppression of perceived
contrast (which was measured in this study) and suppres-
sion of detection or visibility (measured in most metacon-
trast studies). For instance, in contrast to the present
results concerning perceived contrast, Petrov et al. (2005)
observed zero suppression in the fovea when they measured
detection thresholds. An analogous dissociation between
lack of suppression on thresholds but considerable sup-
pression of suprathreshold activity has been shown in cat
retinal ganglion cells (Enroth-Cugell & Lennie, 1975).
It can further be observed that the term metacontrast
currently encompasses a broad and rather diﬀuse set of
phenomena. On one hand, it is impossible to rule out some
role of metacontrast masking in the present results. On the
other hand, the present study analyses certain phenomena
concerning suppression of apparent contrast in a manner
that possibly makes them more comprehensible than the
general label metacontrast.
Cass and Alais (2006) studied collinear facilitation and
found that its time course supported horizontal connec-
tions as the underlying neural implementation. They also
found that to achieve collinearity with ﬂankers, a ﬂashing
target with 10 times threshold contrast required a 20–
30 ms earlier onset than a target with 100 times threshold
contrast. The contrast–latency function used in the present
study would predict a latency diﬀerence of 32 ms, which is
within the conﬁdence intervals of Cass and Alais (2006)
data. While the neural connections mediating the modula-
tion appear to be somewhat diﬀerent in detection facilita-
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dictate the contrast-dependence of latencies in both cases.
4.7. Conclusions
The relative latency of the surround signal in contrast–
contrast suppression depends on the contrast and area of
the surround grating annulus. The contrast dependence
was well modelled by the ‘‘early’’ contrast–latency function
of Donner and Fagerholm (2003). The area-dependence,
indicating post-retinal summation over grating area,
extended to ca. 2 deg outer annulus diameter. When both
the contrast and area of the centre and surround were equal,
a suppression delay of ca. 5 ms remained. This seems consis-
tent with propagation of suppression via feedforward–feed-
back connections, but not via horizontal connections.
Parts of the present data have earlier been published in
abstract form (Kilpelainen & Laurinen, 2004), as have sim-
ilar data concerning detection thresholds (Petrov, Carandi-
ni, & McKee, 2006).
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